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We consider a question which curiously had not been properly considered so far: in the standard
seesaw model what is the minimum value the mass of a right-handed (RH) neutrino must have
for allowing successful leptogenesis via CP-violating decays? To answer this question requires to
take into account a number of thermal effects. We show that, for low RH neutrino masses and
thanks to these effects, leptogenesis turns out to proceed efficiently from the decay of the Standard
Model (SM) scalar doublet components into a RH neutrino and a lepton. Such decays produce
the asymmetry at low temperatures, slightly before sphaleron decoupling. If the RH neutrino has
thermalized prior from producing the asymmetry, this mechanism turns out to lead to the bound
mN > 2 GeV. If, instead, the RH neutrinos have not thermalized, leptogenesis from these decays is
enhanced further and can be easily successful, even at lower scales. This Higgs-decay leptogenesis
new mechanism works without requiring an interplay of flavor effects and/or cancellations of large
Yukawa couplings in the neutrino mass matrix. Last but not least, such a scenario turns out to be
testable, from direct production of the RH neutrino(s).
The origin of the matter-antimatter asymmetry of the
Universe is one of the major phenomena that the Stan-
dard Model (SM) of fundamental interactions cannot ac-
count for. Leptogenesis [1] constitutes the most moti-
vated explanation we have today for it. It is based on
nothing but the “seesaw” particles and interactions that
one generally assumes to explain another major enigma
beyond the SM: the origin of neutrino masses. If the see-
saw states, whose decays are at the origin of the creation
of the baryon asymmetry, are heavy, with a mass from
108−109 GeV to the GUT scale, it is absolutely straight-
forward to make it successful in natural agreement with
neutrino constraints; this mass scale typically holds as a
lower bound for a hierarchical mass spectrum of RH neu-
trinos [2]. However, for such seesaw scales, it is very diffi-
cult to conceive possible ways of testing this mechanism.
If the seesaw states lie instead at a more testable lower
scale, leptogenesis is less generically successful, but still
it can easily work if one make extra assumptions, such
as by invoking a quasi-degenerate mass spectrum for at
least 2 RH neutrinos (the so-called resonant leptogenesis
mechanism [3–6]), or a cancellation of large Yukawa cou-
plings in the neutrino mass matrix. Thus two straight-
forward interesting questions, both for model building
issues, as well as for experimentally probing leptogenesis
(or at least the seesaw origin of the neutrino masses), are:
a) down to which mass of the seesaw states can we go for
successful leptogenesis? and b) up to which extent do we
need to make these extra assumptions at low scale?
In the ordinary leptogenesis framework the creation of
the asymmetry proceeds from the Yukawa-induced de-
cay of one (or more) RH neutrino(s) into SM scalar and
lepton doublets
L 3 −1
2
mNαN
c
αNα − YNαiH˜†N¯αLi + h.c. , (1)
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with Li = (νi, l
−
i )
T , H = (H+, H0)T and H˜ = iτ2H
∗.
That from such a decay there exists a lower bound on
the mass of the decaying RH neutrino is clear. Beside
the fact that below Tsph = 131.7 GeV [7] the sphalerons
sharply decouple, if the mass of the RH neutrino is be-
low the sum of the masses of the final-state particles, the
decay simply does not proceed. However, as will be dis-
cussed at length below, in this case the SM-scalar doublet
component decays into a RH neutrino and a lepton are
still open. These decays turn out to be able to produce
efficiently an asymmetry, thanks to thermal effects.
I. LOW SCALE CP-VIOLATION DYNAMICS
For any low-scale leptogenesis scenario one can distin-
guish at least 3 epochs depending on whether the temper-
ature is below or above the electroweak symmetry break-
ing (EWSB) critical temperature Tc ' 160 GeV and the
sphaleron decoupling temperature Tsph = 131.7 GeV.
It is a good approximation to assume that the decou-
pling of the sphalerons is instantaneous, i.e. above Tsph
the sphalerons are deeply in thermal equilibrium whereas
below they do not occur. The effect of EWSB, in-
stead, is more progressive. For the vacuum expecta-
tion value (VEV) of the SM scalar field we consider
v(T )2 ' (1 − T 2/T 2c ) θ(Tc − T ) v2, with v = 246 GeV,
as a result of the SM crossover [8]. Below Tc we should
consider the decays into RH neutrinos and leptons of the
h,W±, Z physical states, rather than of the Higgs dou-
blet. However, for the creation of the baryon asymmetry
this is relevant only for Tsph < T < Tc, where these 4
states have approximately the same (thermal contribu-
tion included) masses. Thus, for simplicity in the follow-
ing we will consider instead the decay of the full scalar
doublet with the 4 states having the mass of the Higgs
boson, which at T = 0 is mH = mh = 125.6 GeV.
For the various particles, in particular the electroweak
lepton doublet L, the masses are approximately given
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FIG. 1: Values of mN and T for which the N → LH and
H → LN decays are kinematically allowed.
by m2i ≡ mi(T )2 ' M2i (v(T )) + ciT 2, where M2i (v) is
the VEV-dependent zero-temperature mass. The coeffi-
cients ci can be found e.g. in Ref. [9]. Note that, given
the small values of the RH neutrino Yukawa couplings at
low scale, the thermal corrections are negligible for the
masses of the RH neutrinos, but not necessarily for their
mass splitting when they are quasi-degenerate, see be-
low. For the thermal mass of the Higgs doublet mH(T ),
instead, we will consider the result that is obtained from
the second derivative of the thermal effective potential,
as given e.g. in Ref. [10].
In Fig. 1 the regions in the T -mN plane in which the
two different decay processes are active is shown. For
the moment, we work in the approximation of only one
RH neutrino. Taking into account thermal masses, the
decay widths for the processes N → LH and H → NL
are respectively given by
ΓN→LH =
mN
8pi
YNY
†
N λ
1
2(1, aH , aL) (1− aH + aL) , (2)
ΓH→NL =
mN
8pi
YNY
†
N λ
1
2(1, aH , aL)
aH − aL − 1
2 a
3/2
H
, (3)
with aX ≡ (mX(T )/mN )2. We calculate the thermally-
averaged decay rates γN→LH and γH→NL in the classical-
statistics approximation, finding
γN→LH =
m3N
pi2z
K1(z) ΓN→LH , (4)
γH→NL =
m2H mN
pi2z
K1
(
mH
mN
z
)
2 ΓH→NL , (5)
with z ≡ mN/T . The total decay rate is thus given by
γD = γN→LH θ(mN −mH −mL) + γH→NL θ(mH −
mN − mL). In the low-mN region the γH→NL rate re-
ceives O(1) corrections [11] due to IR-enhanced processes
involving electroweak bosons [12].
The way the H → LN decays lead to a CP-asymmetry
is from the one loop self-energy diagram of Fig. 2. Clearly
this diagram does not lead to any CP-violation at T = 0,
because the loop cannot have an absorptive contribution
H
L
L
N
N
H
FIG. 2: Thermal cut in the H → NL decay, which gives rise
to its purely-thermal L-violating CP-violation.
for mH > mN + mL. However, it does from thermal
corrections, since one of the particles in the loop can
originate on-shell from the thermal bath. Denominating
by ΓT (z) the thermal cut of the self-energy, one obtains,
for |∆mN (z)|  mN , the usual resonant [3, 4] form for
the unflavoured L-violating CP asymmetry [3, 13]
CP (z) = I1
2 ∆m0NΓT (z)
4 ∆mN (z)2 + ΓT (z)2
, (6)
where I1 = Im[(YNY
†
N )
2
12]/(|YNY †N |11|YNY †N |22) and
∆mN (z) = ∆m
0
N + ∆m
T
N (z) is the mass splitting in-
cluding thermal corrections
∆mTN (z) '
pi
4z2
Γ22
√(
1− Γ11
Γ22
)2
+ 4
|Γ12|2
Γ222
≡ pi
4z2
Γ22 f , (7)
with Γij = mN (YNY
†
N )ij/(8pi). Here we have conserva-
tively taken the regulating expression in the denomina-
tor to be equal to the same ΓT (z) as in the numerator.
This is based on the physical expectation that the diver-
gence in the degenerate limit is regulated by the (ther-
mal) width of the heavy neutrinos. Notice that correc-
tions to the precise form of the asymmetry (e.g. taking
into account heavy-neutrino oscillations at T ∼ mN in
addition to mixing [6, 14]) can be absorbed into a re-
definition of f . As shown in detail in [15], the masses
appearing in the numerator of (6) should be taken as the
Lagrangian masses without thermal corrections, ∆m0N .
This also guarantees the vanishing of the asymmetry in
the CP-conserving limit ∆m0N → 0. The thermal cut
of the Majorana RH neutrino self-energy has been cal-
culated in [9, 13]. Here, neglecting the thermal mo-
tion of the decaying particle , we use the results of [13],
obtained in the Kadanoff-Baym formalism (which cor-
responds to taking the cut of the retarded self-energy,
rather than of the time-ordered one, as done instead in
[9]). The temperature dependence of ΓT can be extracted
as ΓT (z) ≡ Γ22 γ(z), where γ(z) is [13]
γ(z) ≡ pLρ(q)
pq
, (8)
with p and q the 4-momenta of the charged lepton and
RH neutrino, respectively. The absorptive function Lρ(q)
is given by
Lρ(q) = 16pi
∫
dΠqHdΠ
p
L (2pi)
4δ4(l) /pB , (9)
3where the momentum and statistical factor are l =
p − k − q, B = 1 + fH − fL for RH neutrino decay,
and l = q − k − p, B = fH + fL for H decay (with
fX the corresponding Bose-Einstein or Fermi-Dirac dis-
tribution), and dΠ denoting the phase-space integration.
Thus, Lρ for both decays are as given in Appendix D of
[13] except that for H decay we find that the J0 term in
~Lρ in [13] must be multiplied by z
2. Thus the asymmetry
(6) takes on the form
CP (z;x, f) = I1
x γ(z)(
x+ pi4z2 f
)2
+ γ(z)2
, (10)
where x ≡ 2 ∆m0NΓ22 .
The Boltzmann equations for the RH neutrino and the
lepton asymmetry, including the effect of the processes
discussed above, are [5, 6, 9]
nγHN
z
dηN
dz
=
(
1 − η
N
ηeqN
)[
γD + 2(γHs + γAs)
+ 4(γHt + γAt)
]
, (11)
nγHN
z
dηL
dz
= γD
[(
ηN
ηeqN
− 1
)
CP (z)− 2
3
ηL
]
− 4
3
ηL
[
2(γHt + γAt) +
ηN
ηeqN
(γHs + γAs)
]
, (12)
where ηa ≡ na/nγ andHN is the Hubble rate at T = mN .
These equations take into account additional important
washout terms, which are active also when the decay pro-
cesses are kinematically forbidden. For them we adopt
the results and the notations of [9], where they are cal-
culated including the leading thermal effects. The fi-
nal asymmetry produced in this way depends on 5 pa-
rameters: mN , I1, x, f and the effective neutrino mass
m˜ ≡ v2(YNY †N )11/mN .
II. LOWER BOUND ON mN FOR A
THERMALIZED N
At first sight one could believe that the Boltzmann
equations above do not lead to a lower bound on the mass
of the RH neutrino, since the lower is mN , the larger is
the phase space available for theH → NL decay to occur.
However, there exists one. Here, the out-of-equilibrium
Sakharov condition is not realized as usual from the fact
that the decaying particle is not in thermal equilibrium
(here it is) but from the fact that the RH neutrino in the
decay product is not. Thus, for mN < Tsph, the lower
mN , the more N is in thermal equilibrium at T > Tsph,
the less successful is leptogenesis.
Starting from a RH neutrino initially in equilibrium,
Fig. 3 shows the results we get from solving the Boltz-
mann equations (11)-(12), by taking CP = 10
0,−1,−2,...
when one of the two decay processes is kinematically
allowed, zero otherwise. Taking the maximal CP-
asymmetry CP = 1/2×2, (the factor of 2 is to take into
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FIG. 3: Logarithm base 10 of the asymmetry CP needed
to obtain successful leptogenesis, with the RH neutrinos ini-
tially at thermal equilibrium. We also plot the relevant ex-
isting bounds (solid lines) and projected sensitivities of the
SHiP [16] and FCC-ee [17] experiments (dashed lines). The
area below the thick blue line requires values of CP which
are not reachable for such low mN .
account the fact that such a maximal CP asymmetry is
obtained in the quasi-degenerate case together with a sec-
ond RH neutrino), we obtain the bound mN > 0.2 GeV.
Of course one could wonder if this bound can be sat-
urated, i.e. if taking CP = 1/2 can be justified. Al-
though CP (z) = 1/2 cannot be satisfied at all tem-
peratures, see (10), since the bound occurs for m˜ much
larger than the usual thermal-equilibrium critical value
m˜∗ = 8pi1.66 g1/2∗ v2/mPL ' 2.15 meV, the asymmetry in
this case depends mostly on CP at temperatures close to
Tsph. Thus, we find that taking CP = const can be jus-
tified in a large portion of the parameter space in Fig. 3.
However, this is not fully the case for the low-mN region.
The full asymmetry of Eq. (10) (including in particular
the I1 factor) turns out to be maximized for f ' 1. For
such values of f , since γ(z  1) ≈ 50, for mN < 10 GeV
the thermal-mass contribution in the denominator of (10)
are important. Thus, for T close to Tsph, the asymmetry
is maximized for x ∼ pifT 2sph/(4m2N ), which gives
CP .
4
pi
50m2N
f T 2sph
. (13)
This excludes the area below the thick blue line in Fig. 3,
yielding to a bound one order of magnitude stronger
mN > 2 GeV . (14)
This bound can be compared to the much larger one
that we get by considering only N → LH decays, which
turns out to be mN > 50 GeV (as one could approxi-
mately guess from Fig. 1). Note also that possible flavor
effects, disregarded above, do not sizeably change this
4bound because in the low-mN region, where the bound
occurs, even if m˜  m˜?, it turns out that there is no
large washout effects diminishing the asymmetry pro-
duced, due to the sphaleron cut.
III. THE NON-THERMALIZED CASE: AN
EFFICIENT LOW-SCALE MECHANISM
As explained above, the bound of Eq. (14) holds for
leptogenesis induced by CP-violating H-decays if the RH
neutrinos previously thermalize. The fact that it is in
general difficult to achieve leptogenesis at such low scale,
at the origin of this bound, is easy to understand: the
lower the masses, the more the RH neutrinos were in
thermal equilibrium at T > Tsph  mN . However, this
is true only if one assumes that the N species has ther-
malized before the lepton asymmetry is produced. If in-
stead the RH neutrinos have not thermalized the situa-
tion drastically changes. This can be easily the case as
long as there were no other interactions below the reheat-
ing temperature (such as involving a WR for instance).
For low mN the production of the asymmetry is cut off
at Tsph > mh,W,Z > mN . Therefore the less N ther-
malizes, the smaller is nN , the fewer inverse H decays
occur (unlike H decays which occur anyway), the larger
is neqN − nN ∼ neqN , the larger is the L-asymmetry pro-
duced. Note that this is different from what happens for
large mN ≫ Tsph, where considering a situation with no
N after reheating renders leptogenesis more difficult [9].
In this case, in the weak washout regime, as the asym-
metry is produced long before sphaleron decoupling, the
more N there are in the thermal bath, the more N decays
occur to produce the L asymmetry at T ∼ mN .
Fig. 4 shows the numerical solution of the Boltzmann
equations, by starting from a zero number density of
RH neutrinos at Tin = 10Tsph and taking a maximal
CP-asymmetry CP = 1/2 (multiplied by 2 as above).
Clearly this shows that, even for mN ∼ 0.1 GeV, the
parameter space available is large and successful leptoge-
nesis can be achieved with CP-asymmetry far from max-
imal. Note that here most of the asymmetry is created
shortly before sphaleron decoupling because for T  mN
and small N number density, the source term in (12) is
approximately constant: dη/dz ≈ const, since γD ∝ 1/z4
in this regime. Thus, the final asymmetry produced does
not depend on the reheating temperature as long as this
is larger than Tsph by a factor of about 2.
In Figs. 5a-5c we plot the ηL numerical solution of
the Boltzmann equations, with the asymmetry as given
in (10), with zero number density of RH neutrinos at
Tin = 10Tsph, and taking ∆m
0
N/mN = 10
−11,−8.5,−6 re-
spectively. Fig. 5b and 5c show that successful leptoge-
nesis, which requires ηL > 2.47 × 10−8, can be achieved
with level of N mass quasi-degeneracy about two orders
of magnitude smaller than in ordinary TeV-scale resonant
leptogenesis [5, 6]. For Γ11/Γ22 = msol/matm, we find
that the minimum level of mass-degeneracy required is
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FIG. 4: Same as Fig. 3, starting from no N at Tin = 10Tsph.
about ∆m0N/mN ∼ 10−5. In the flavoured (total-lepton-
number conserving) mechanism considered in [18] with
3 RH neutrinos, which does not require N mass degen-
eracy (and occurs at T ∼ 106 GeV), a comparable level
of fine-tuning is instead present in the Yukawa couplings
to guarantee m˜ ∼ 103 eV ≈ 105msol, as required by the
flavour effects taking place.
We may also compare the mechanism considered here
with the ARS oscillation one [19] (which also relies on
non-thermalized N , but with CP-violation given by N
oscillations) in the νMSM scenario considered in [20, 21].
In this scenario, a mass degeneracy between 2 RH neu-
trinos of about ∆m0N/mN ' 10−11 is needed to generate
both the observed asymmetry (e.g. at T  Tsph) via
the ARS mechanism and the dark matter relic density
at T ∼ 100 MeV, via N freezeout or decay. The ap-
proximate form of the asymmetry at Tsph generated by
the ARS mechanism in this regime can be found in [20].
Fig. 5a shows that, assuming maximal CP-phases for
both mechanisms, the asymmetry at Tsph generated for
∆m0N/mN ' 10−11 is about 7 (12) times larger than the
ARS one, for mN = 2 (10) GeV (or larger if the reheating
temperature is larger than Tsph but smaller than the typ-
ical T  Tsph ARS asymmetry production temperature).
Note that such a dominance of the asymmetry produced
by H decays slightly before the sphalerons decouple does
not hold for all the available parameter space [11]. No-
tice also that, although the L-violating effects inducing
the baryon asymmetry here can in principle be captured
by the density-matrix formalism used to study the ARS
mechanism (see e.g. [21] and [11]), these have been so far
thought to be negligible and hence disregarded.
A remarkable feature of the framework considered in
this letter is that, along it, leptogenesis is testable! This
is shown in all figures 3-5, which give the actual excluded
mN -m˜ regions from various experiments, together with
future expected sensitivities for N production at SHiP
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FIG. 5: Values of ηL = nL/nγ obtained starting from no N at Tin = 10Tsph, for ∆m
0
N/mN = 10
−11,−8.5,−6. We have taken
Γ11 = (msol/matm)Γ22 and f = I1 = 1 for definiteness. The long-dashed line gives the minimum value needed η
obs
L = 2.47×10−8.
and FCC-ee, see e.g. [16, 17]. Also shown is the lower
bound on mN obtained from requiring that the decay of
N occurs before BBN. Clearly, for mN around GeV the
available parameter space will be largely probed, with
possibilities up to∼ 50 GeV. Note also that, as Fig. 4 sug-
gests, if it was not for the BBN bound, leptogenesis from
H decays could be successful for values of mN smaller
than considered here [11]. For f ∼ 1 we find that lepto-
genesis can be successful for mN as low as ∼ 20 MeV.
To sum up, the leptogenesis from Higgs decay mecha-
nism proposed here is particularly efficient at low scale,
based on the 3 following ingredients. First it is based
on the fact that, at low scale, thermal effects induce L-
violating CP-violation in the decays of the SM scalar dou-
blet into a RH neutrino and a lepton. Second it satisfies
the out-of-equilibrium Sakharov condition from the fact
that the RH neutrinos in the decay product (rather than
the decaying particles) are out-of-equilibrium. Third, it
assumes that the N species has not thermalized before
producing the L asymmetry, which boosts the asymmetry
production. This mechanism is testable.
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